Abstract-Each user in the uplink of an Orthogonal Frequency Division Multiple Access (OFDMA) system may experience a different carrier frequency offset (CFO). These uncorrected CFOs destroy the orthogonality among subcarriers, causing inter-carrier interference and multi-user interference, which degrade the system performance severely. In this paper, novel timedomain multi-user interference cancellation schemes for OFDMA uplink are proposed. They employ an architecture with multiple OFDMA-demodulators to compensate for the impacts of multiuser CFOs at the base station's side. Analytical and numerical evaluations show that the proposed schemes achieve a significant performance gain compared to the conventional receiver and a reference frequency-domain multi-user interference cancellation scheme. In a particular scenario, a maximum CFO of up to 40% of the subcarrier spacing can be tolerated, and the CFO-free performance is maintained in the OFDMA uplink.
I. INTRODUCTION

I
N recent years, Orthogonal Frequency Division Multiple Access (OFDMA) has emerged as the primary transmission and multiple access scheme for broadband wireless networks. It has been adopted as the Physical Layer (PHY) layer for different broadband wireless networks standards, including the IEEE 802.16 (WiMax), ETSI HiperMAN and SK Telecom's WiBro. OFDMA is also now a part of the Long Term Evolution (LTE), the international standard for the 4 th Generation (4G) cellular mobile communications. Being a multi-user version of the famous Orthogonal Frequency Division Multiplexing (OFDM) technique, OFDMA operates by separating data into multiple lower-rate streams and transmitting them in parallel over orthogonal carrier frequencies, or subcarriers. Due to the orthogonality, those subcarriers are allowed to overlap in the frequency-domain, therefore high spectral efficiency can be achieved. The low-rate parallel subcarriers transmission turns multi-path fading channels into flat fading ones, thus simplifying the equalization task at the receiver. In OFDMA, available subcarriers are grouped into sub-channels, which are assigned to different users operating simultaneously. This allows a finer granularity for multiple Manuscript received July 2, 2007 ; revised November 13, 2007 ; accepted December 22, 2007 . The associate editor coordinating the review of this paper and approving it for publication was C. Xiao.
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access, compared to Orthogonal Frequency Division Multiplexing -Time Division Multiple Access (OFDM-TDMA) scheme, in which all subcarriers are given to only one user at any given time.
OFDMA inherits from OFDM its sensitivity to carrier frequency offset (CFO) and phase noise [1] . The carrier frequency mis-alignment destroys the orthogonality of the subcarriers, which causes inter-carrier interference (ICI) and consequently produces multi-user interference (MUI) among users [2] . While the CFO can be estimated and corrected relatively easily in the downlink, preserving orthogonality in the uplink is much more demanding. In the uplink, the received signal is the sum of multiple signals coming from different users, each of which experiences a different CFO due mainly to oscillator instability and/or Doppler shift [3] . These relative CFOs among users must be corrected, otherwise the system performance degrades severely. Downlink CFO correction methods, which are designed for single-user scenario, are unable to correct multiple CFOs in the uplink, as correction to one user's CFO would mis-align the other users [4] .
Various studies have been carried out to tackle the multiple CFO problems in the OFDMA uplink scenario, which can be divided into two categories: Interference avoidance and interference cancellation methods. Examples of interference avoidance schemes includes windowing, self-ICI cancellation and feedback-and-adjust approaches. The windowing approach in [5] , [6] shapes the output of the Inverse Discrete Fourier Transform (IDFT) by a window to suppress the side-lobes of the subcarriers, thus reduces the sensitivity to frequency errors. This approach normally causes Carrier to Noise Ratio (CNR) loss, and ICI in the case of no CFOs [7] . The self-ICI cancellation approach is performed in frequency-domain, where a set of codewords with low ICI is used to reduce the side-lobes of the output spectrum. Since the code rate is less than one, the spectrum efficiency is reduced [8] . The feedbackand-adjust schemes are described in [3] , [4] , which suggest that the base station (BS) performs only timing offset (TO) and CFO estimation, whereas adjustment of the synchronization parameters is made at the mobile station (MS) side based on instruction transmitted on the BS's control channel. The feedback-and-adjust approach requires an established connection between BS and MS, which is not applicable for some scenarios, and additional signaling overhead, which reduces the system throughput. Also note that, in this approach, there is always a delay between the estimation and adjustment 1536-1276/14$31.00 c 2014 IEEE processes, during which the CFO estimation can be outdated (e.g. because of Doppler frequencies) [9] .
On the other hand, the interference cancellation schemes aim at removing the unwanted ICI and recovering the ideal waveform: In [10] , [11] , a multiple CFOs estimation and compensation algorithm is introduced based on subspace method. This scheme works only with interleaved subcarrier allocation. In [9] , a MUI cancellation scheme in frequency-domain is proposed, hence it is referred to as Frequency-Domain MultiUser Interference Cancellation (FD-MUIC) in this chapter. In this scheme, circular convolutions are employed after the Fast Fourier Transform (FFT) processing to correct the CFOs, and to calculate the MUI terms, which are then subtracted from the subcarrier of interest. This scheme suffers from the loss of subcarrier's power when the CFOs are large, and it is unable to completely remove the self-ICI, which occurs among subcarriers of the same user [9] .
In this paper we propose simple but effective interference cancellation schemes to mitigate the effects of different CFOs coming from multiple users in the uplink of OFDMA systems. The proposed schemes consist of two stages: Prior to uplink transmission, MS performs a coarse synchronization to BS, using well-known single-user CFO estimation techniques, such as [12] , [13] , so that the CFO is within a tolerable range. In the second stage, novel signal processing techniques are employed at the BS's side to estimate and correct the residual CFOs, and to compensate for the ICI. The ICI compensation is performed in time-domain, thus our proposals are hereafter referred to as Time-Domain Multi-User Interference Cancellation (TD-MUIC) schemes. No further adjustment at MS's side is needed, thus, no additional signaling overhead is required. The maximum tolerable CFO can be as large as 25% of the subcarrier spacing, which is a significant improvement compared to the stringent requirement in the IEEE 802.16a, which is 2% of the subcarrier spacing [14] . A loose CFO requirement means low-cost and simple terminals are allowed in the system. The scheme works with both block and interleaved subcarrier allocations, and does not require special processing block, except the basic and readilyavailable FFT. Analytical and numerical results show that the proposed schemes offer much better performance compared to the FD-MUIC scheme.
This paper is organized as follows. The system model and conventional receiver structures for the OFDMA uplink are presented in section II. Section III provides the proposed schemes, along with numerical evaluation assuming perfect CFO knowledge. Simulation results with a practical CFO estimation technique are reported in section IV, and finally conclusions are drawn in section V.
II. UPLINK OFDMA RECEIVER STRUCTURES
Let's consider an OFDMA system using a FFT of size N . In this system, the u th user is given a set of subcarriers, denoted as Δ u , which is independent from the other users, i.e. Δ u Δ u = ∅ for u = u . The transmitted information of the u th user, after an inverse Fast Fourier Transform (IFFT) operation and cyclic prefix (CP) insertion, is given by:
where T o is the OFDMA symbol duration without guard interval, T g is the guard interval, and Ξ Ts (t) is the unity amplitude gate pulse of length
denotes the information symbol for the k th subcarrier of the u th user. We assume that the transmitted symbols on each subcarrier have zero mean and are uncorrelated, i.e. E X u [k] = 0 and:
Assume that the u th user experiences an independent TO, δt u , and frequency-selective fading channel, which are constant during the observation period, the received signal from the u th user is:
where h u,l and τ u,l are the complex gain and time delay of the l th multi-path component experienced by the u th user, respectively. In the OFDMA uplink, the received signal is the sum of the signal from multiple users, which can be expressed as:
where δf u is the CFO of the u th user and v(t) is the complex baseband Additive White Gaussian Noise (AWGN) at the input of the OFDMA receiver.
At the receiver, the received signal is sampled at rate 1/Δt and the Cyclic Prefix (CP) is removed to form the received
where r[n] = r(nΔt).
We assume that the CP is long enough to accommodate both the maximum TO and the channel delay spread, and thus there is no influence from the adjacent transmitted OFDM symbols.
A. Single-FFT receiver
In conventional single-FFT receiver, one FFT block is used to demodulate all users at the same time. The output of the single-FFT corresponding to the u th user can be written in matrix form as follows [2] , [9] :
in which F N stands for the size-N FFT matrix with entries 
T is the received signal from the u th user without the effects of CFO, and
To τ u,l is the channel transfer function (CTF) at the k th subcarrier of the u th user, and t u = δt u /Δt and f u = δf u /Δf are the normalized TO and CFO of the u th user. S u is a diagonal matrix of size N , acting as a filter to select only subcarriers belonging to the u th user, i.e. S u (k, k) = 1 for k ∈ Δ u , and all other diagonal elements are zero.
The N × N matrix C (φ) represents the shift due to the normalized CFO φ in frequency-domain. It is a circulant matrix representing the circular convolution operation:
where
H in the superscript denotes the Hermitian transpose operation, and c (φ) is a diagonal matrix of size N representing the CFO in time-domain, whose the n th diagonal element is equal to e
In the uplink of an OFDMA system with non-zero CFOs, the first term in (5) indicates an attenuation of the received signal, since |C( f u )| is always less than one if f u is nonzero. The second term represents the ICI among subcarriers of the same user, which is referred to as self-interference. And the third term is the cross-interference, which is the ICI among active users operating in the uplink. It is important to note that the conventional single-FFT receiver is not effective in multiple CFOs scenario, as it can be aligned to only one user at a given time, and the rest are mis-aligned [3] .
B. The FD-MUIC receiver
In [16] , the Choi-Lee-Jung-Lee (CLJL) scheme is proposed as an extension to the single-FFT receiver, which allows CFO correction after the FFT using circular convolution. The output of the CLJL demodulator can be expressed as:
where C (− f u ) represents the frequency-domain CFO correction by − f u . In [9] , the Carrier to Interference-plus-Noise Ratio (CINR)) analysis for CLJL scheme is given as follows:
is the average gain of the u th user's channel, and N o /2 is the power spectral density of the AWGN. (8) shows that, when the CFO is large, the CLJL scheme suffers from attenuation of the signal of interest, due to the fact that signal power does not concentrate in the prescribed subcarrier positions [9] . In addition, there exists residual selfand cross-interference terms, which cause the degradation of the system performance. The FD-MUIC scheme proposed in [9] is a Parallel Interference Cancellation (PIC) scheme, which aims at removing the cross-interference. The output of the FD-MUIC demodulator at the i th iteration is given by: (11) and Z
FD−MUIC
. Since the CINR analysis for FD-MUIC scheme in [9] does not account for the fact that the signal of interest is attenuated with non-zero CFO, hence a closer approximation of CINR is introduced here:
where σ
. To provide comparable results with [9] , we consider the same OFDMA uplink system, where the number of user is U = 4. Each user is allocated 16 subcarriers (N = 64), and the CFOs are f 1 = 0.10, f 2 = −0.10, f 3 = −0.05 and f 4 = 0.05, respectively. Two subcarrier allocation schemes are considered: Block-and interleaved-allocation. In block allocation, the spectrum is uniformly divided into U blocks, where each user is assigned one block. In interleaved allocation, the subcarriers are uniformly interleaved across all the users. The CNR is 40dB, and we assume perfect CFO knowledge at the receiver. In Fig. 1 , the average CINR performance of the FD-MUIC scheme is plotted against the number of iterations. The average CINR is computed by averaging the CINR at all subcarrier from all users. Two methods of CINR analysis are compared to simulation results: Defeng refers to the analysis provided in [9] , while Huan refers to equation (12) . It can be seen that our method provides much closer approximation, since the power loss due to filtering process has been taken into account. It is also worthy to note that, in FD-MUIC scheme, the interleaved allocation outperforms the block after few iterations. This is due to the fact that self-interference term, which cannot be removed by FD-MUIC scheme, is smaller in the case of interleave allocation, compared to the block case.
C. Multi-FFT receiver
In multi-FFT receiver structure, each active user is assigned one OFDM-demodulator block, so that their CFOs can be compensated for independently in the time-domain. After CFO compensation, the output of the OFDM demodulator belonging to the u th user can be expressed as [17] :
where c (− f u ) represents the time-domain CFO correction by − f u , and [.] mFFT in superscript refers to the fact that multiple FFT blocks are employed. f mFFT u1−u = f u1 − f u denotes the relative CFO between the u th and u th 1 user. (5) and (14) show that, by using the multi-FFT receiver, the attenuation factor and the self-interference have disappeared for the desired u th user, provided that its CFO, f u , is estimated correctly. However, the cross-interference term is still present, and can sometimes become larger due to the fact that the new CFO, f mFFT u1−u , might be larger than the original one, f u1 . This tends to cause significant performance degradation [16] , and the aim of the this chapter is to further remove such interference to achieve the CFO-free performance. (14) indicates that the cross-interference term is a deterministic function, which depends on the transmitted data symbols, the channel frequency responses, the TOs and CFOs of all other active users in the OFDMA system. In the case of cellular's uplink, these parameters are estimated by, and therefore, available to the BS, which inspires the idea of applying the principle of multi-user interference cancellation. In this section, two MUI receiver structures are proposed for the OFDMA uplink, namely Simple Time-Domain Multi-User Interference Cancellation Scheme (SI-MUIC) and Code-Aided Time-Domain Multi-User Interference Cancellation Scheme (CA-MUIC) schemes. They are both based on the multi-FFT receiver, as illustrated in denotes the feedback signal from the u th user at the i th step. The demodulation and calculation of the feedback signal in the SI-MUIC scheme is illustrated in Fig 3. (16) can be re-written as: 
III. OUR PROPOSALS
is the residual estimation error after the i th iteration. (14) and (18) . This indicates the gain from using the SI-MUIC scheme: The cross-interference term shall be reduced, provided that the estimation error for the u th user is small, or
is a good estimate of Y u . We observe that the estimation error at the i th iteration is the sum of the other users' estimation errors from current or previous iteration, attenuated by a periodic sinc function,
, respectively. In general, thanks to this attenuation, the estimation error is reduced with the increased number of iterations, which is shown afterwards by numerical evaluation. Fig. 5 illustrates the convergence property of the SIC implementation of the SI-MUIC scheme, under the same OFDMA system's setting as in section II-B, where U = 4, N = 64 and the CFOs are fixed. The PIC implementation of the SI-MUIC, which is similar to the one described in [9] and section II-B, is also included for comparison. The output of the OFDMA demodulator in case of PIC implementation for the u th user at the i th iteration is given by:
Firstly, Fig. 5 shows that the performance of the SIC implementation is always superior than those of the PIC, for both FD-MUIC and SI-MUIC, even at the iteration i = 0. This can be explained by looking at (18) and (20): PIC only utilizes the estimations from the previous iteration, whereas in SIC the estimation of the u th user is done based on current estimates
of the u th 1 users (u 1 < u). Since these new estimates are with less interference, the performance of SIC is always superior compared to PIC. Nevertheless, the SIC is penalized with a longer delay than PIC, since the last user can only be processed when all the others have been demodulated. Secondly, as more iterations are performed, the FD-MUIC schemes quickly come to an irreducible noise floor, due to the fact that the power loss and the self-interference term remain unchanged, compared to the CLJL scheme. The SI-MUIC scheme does not have such an irreducible noise floor. The CFO-free performance can be achieved after 4 iterations.
It is worth noting that the SI-MUIC scheme does not require the Channel State Information (CSI), all it needs to know is the CFO value of each user. The residual noise and interference term in SI-MUIC can be further removed, which is the aim of the CA-MUIC explained in the next section.
B. The CA-MUIC scheme
The main different between CA-MUIC and SI-MUIC scheme is that, instead of the output of the OFDMA demodulator Z SI−MUIC u,i , the estimationŶ u,i is used to calculate the feedback. 
CA-MUIC's SIC Algorithm
Initialization:
Loop A: i = i + 1 and u = 0 Loop B:
, and calculate the feedback:r Fig. 4 shows the demodulation block for CA-MUIC scheme. Similar to the SI-MUIC scheme, (23) can be re-written as:
It is important to note that the task of estimatingŶ u,i from Z CA−MUIC u,i in the CA-MUIC algorithm is actually boiled down to estimating the CTF,Ĥ u,i [k] , and the transmitted data symbol,X u,i [k] , for the u th user. If such estimations are correct, the second term in (25) will go to zero, leaving no cross-interference at the output of the u th user's OFDMA demodulator. In order to achieve correct estimation of the data symbols, channel coding is applied in the CA-MUIC scheme, hence it is referred to as code-aided TD-MUIC scheme.
IV. NUMERICAL EVALUATION
A. CFO estimation
In the previous section, the performance of the proposed schemes has been analyzed under assumption of perfect CFO knowledge. To demonstrate the feasibility of the proposed schemes, their performance is evaluated with a realistic CFO estimation technique in this section.
To assist CFO estimation during data transmission, pilot subcarriers are inserted repeatedly in the first two OFDMA symbols by all active users. Let Δ p u denote the indexes of pilot subcarriers for the u th user, and 
The result of this estimate is given by [13] f u = 1 2π tan
where tan −1 is the arc-tangent function, and Im(.) and Re(.) are imaginary and real part of the complex value, respectively. The limit of this estimator is half of the subcarrier spacing. Therefore, prior to uplink data transmission, a coarse frequency synchronization must be performed, for example using estimation techniques described in [12] , [13] or via the initial or periodic ranging procedures stated in the IEEE 802.16 standard [14] , to bring the CFO down to tolerable value. Thus, such a limitation of the estimator does not create any problem for our proposed algorithm.
B. Simulation results
Unless otherwise stated, the basic simulation parameters are taken from Table I . Thanks to a coarse synchronization stage, the TOs of all users are well within the CP and the CFOs are less than the maximum tolerable value of the system, f max . We assume the received powers of all active users are equal and the CTF is perfectly estimated. Note that the CTF information is only required for the CA-MUIC, since the SI-MUIC does not require channel estimation. There are 5 users in the system, and at each transmission they experiences a random CFO value between [− f max , + f max ]. Both block and interleaved subcarrier allocation schemes are used for evaluation, and there is no guard-band between users in frequency domain. Only SIC implementation is evaluated for the sake of simplicity. 6 shows the uncoded bit error rate (BER) performance of the proposed schemes with different maximum CFO values. While the performance of the single-FFT receiver drops dramatically with the increase of the maximum CFO value, both the SI-MUIC and CA-MUIC schemes can tolerate up to 10% of subcarrier spacing with little degradation. Especially in block allocation setting, the CA-MUIC scheme can achieve offset-free performance with up to 40% of subcarrier spacing. However, in interleaved allocation, it performs poorly because there are significant MUI coming from the neighbouring users, and the 1/2 convolutional code is not strong enough to overcome those interference.
For a fair comparison, the performance of the FD-MUIC is only compared to that of the SI-MUIC, which also does not utilize channel coding. In general, the SI-MUIC extends the maximum tolerable CFO by about 5% of subcarrier spacing, compared to the FD-MUIC. This is due to the fact that the SI-MUIC can avoid the power loss and the self-interference problems occurring in the FD-MUIC scheme. From this figure, we hereafter fix the range of the CFOs to be [−0.25, +0.25], in which negligible performance degradation is observed for most of the discussed interference cancellation schemes.
The uncoded BER performance versus CNR is shown in the Fig. 7 . In the single-FFT receiver, the self-and crossinterference causes an irreducible error floor, which cannot be overcome by increasing the transmit power. This error floor is brought down by applying interference cancellation schemes, such as the FD-MUIC, SI-MUIC or CA-MUIC. The SI-MUIC scheme shows considerable performance gain compared to the FD-MUIC, in both block and interleaved subcarrier allocation scenarios. And CFO-free performance can be achieved with CA-MUIC in block subcarrier allocation scenario. Fig. 8 illustrates the uncoded BER performance for different numbers of users in the system. The single-FFT receiver works well with only one user, while the other interference cancellation schemes can accommodate more users. Again, the SI-MUIC shows much better performance than the FD-MUIC: The uncoded BER deteriorates much slower with the increase of the system load. It is worth noting that the FD-MUIC indicates a poor performance with only one user in block subcarrier allocation. This is because the self-interference is the main source of the interference in block subcarrier allocation, and the FD-MUIC scheme, which is based on circular convolution in frequency-domain, is unable to completely remove such residual interference [9] . In contrast, in the block subcarrier allocation, the CA-MUIC achieves CFOfree performance when the number of users increased.
V. CONCLUSIONS
This paper has proposed novel MUI cancellation schemes, which are very effective against the effects of multiple CFOs scenario in the uplink of the OFDMA-based system. Analytical and numerical evaluation has shown that the schemes outperform the performance of the conventional OFDMA receiver and the FD-MUIC scheme, for both block and interleaved subcarrier allocations. The proposed schemes are especially useful in scenarios where BS cannot instruct users to adjust their CFO or implementation of such instruction is expensive (e.g. there is no feedback channel or low cost terminal does not have ability to adjust its frequency base accurately). They are compatible with current standard for MS using OFDMA technique, for example the IEEE 802.16, since all changes are transparent for MS. The proposed schemes introduce additional complexity, which can be justified by the fact that the complexity is added only to BS and the lower cost and faster operation of FFT processing chip. The schemes show good performance under practical CFO estimator, and the performance converge after several iterations.
